Abstract: Lithium abundances and isotopic compositions were measured by ion microprobe in individual grains of pyroxene, and in a few maskelynites and Ca-phosphates grains, from the Martian meteorite Northwest Africa 480 (NWA 480). In pyroxenes Li abundances are nearly constant from core to rim with concentrations ranging between 3 and 4 µg/g. In contrast, a significant isotopic zoning is observed with δ7Li values increasing within single crystals from not, vert, similar −17‰ in the core to not, vert, similar +10‰ in the rim, most of the variability being observed in the core. Plagioclase (now maskelynite) and phosphate crystals, which co-crystallized with the pyroxene rims, display similar δ7Li values. Because of the incompatible behavior of Li, the present constancy of Li concentrations within zoned pyroxenes rules out any simple crystallization model in a closed system for Li. The large Li isotopic variations observed within pyroxenes support this conclusion. There is no evidence in support of secondary alteration of NWA 480 to explain the Li isotopic variations, which thus most likely reflect magmatic processes on Mars. Degassing might explain the Li systematics observed in NWA 480 pyroxenes. Because Li has a strong affinity with water-rich fluids, a significant loss of Li from NWA 480 parental melt can happen upon melt emplacement and cooling. Such a Li loss could compensate the effect of crystal fractionation and thus help to maintain constant the Li content of the melt. Li isotopic fractionation is anticipated to accompany this process, 7Li being depleted relative to 6Li in the volatile phase. The magnitude of the isotopic change of the fractionating melts is difficult to predict because it depends on the value of the Li isotopic fractionation and on the amount of Li loss, but at first glance it seems consistent with the increase of δ7Li values observed in NWA 480 pyroxenes with increasing fractionation. The present data suggest that degassing prevailed not only during the crystallization of shergottites like Zagami and Shergotty, but also during the crystallization of the other types of basaltic shergottites.
INTRODUCTION
Naturally delivered Martian samples are available in the form of a group of ~25 meteorites that were inferred on geochemical grounds to come from this planet (see Treiman et al. (2000) and McSween (2002) for updated reviews). Most of these meteorites, the socalled shergottites, are basaltic lavas or cumulates indicating a recent magmatic activity on Mars because of their young ages (~170 Ma for most of the shergottites, e.g. Borg et al., 2002 and references therein). These meteorites are thus probes of the Martian mantle and are especially important objects to try to constrain the amount of volatiles, in particular magmatic water, transferred from the mantle to the surface.
Did Martian magmas significantly degas ? Bulk shergottites are dry, but the presence of water in their parental melts was inferred in order to explain the simultaneous crystallization of augite and pigeonite observed in some of them ). Dann et al. (2001) have documented this feature experimentally and concluded that the parental magma of Shergotty contained about 1.8 wt% water. Therefore, if shergottitic magmas were hydrous, they have lost most, if not all, of their water through degassing.
Pyroxenes are good recorders of the crystallization history of their parental melts. For shergottites, the trace and minor element contents of the pyroxenes were successfully used to constrain the chemical composition of the parental liquids, the crystallization sequence of the various mineral phases and the oxygen fugacity during magmatic cooling (e.g. Wadhwa et al., 1994 Wadhwa et al., , 2001 Wadhwa, 2001) . Furthermore, it was suggested by Lentz et al. (2001) that the decrease of Li and B contents, observed from cores to rims of pyroxenes in basaltic shergottites Shergotty and Zagami, was due to Li-and B-loss during water degassing. In fact the strong affinity of Li and B with water-rich fluids (e.g. Brenan et al., 1998b ) make them potential tracers of degassing.
Because Shergotty and Zagami are petrographically similar, it is crucial to extend these observations to shergottites of different types. Therefore, we studied in detail Northwest Africa 480 (NWA 480), a basaltic shergottite recently discovered in Moroccan Sahara . NWA 480 displays some specific features not observed in Shergotty or Zagami.
The pyroxenes are large (millimeter-sized) and exhibit one of the widest ranges of compositions described so far in Martian meteorites. They are thus very suitable for an in-situ ion microprobe study. Lithium concentrations and isotopic compositions were systematically determined from core to rim of a crystal in order to obtain additional constraints which might help to better understand the factors controlling the geochemical behavior of Li in Martian magmas.
ANALYTICAL PROCEDURES
Back-Scattered Electron (BSE) images were obtained with a JEOL JSM6301-F scanning electron microscope at SCIAM (Angers). Major and minor element abundances were measured using a CAMECA SX50 electron microprobe (IFREMER-Centre de Brest).
Analyses were obtained using mineral and oxide standards at an accelerating voltage of 15 kV, a probe current of 12 nA and a one micron beam diameter. Compositions were determined in the same regions where ion probe measurements were performed.
Li analyses were performed using the CAMECA IMS 3f ion microprobe at the CRPG-CNRS (Nancy). The technique used was previously developed for B and Li isotopic analyses (Chaussidon et al., 1997; Chaussidon and Robert, 1998; Decitre et al., 2002) . A thick section of the sample was prepared in order to avoid any possibility of contamination from epoxy in cracks. This section was polished down to 1 micrometer using diamond paste and ultrasonically rinsed in alcohol and distilled water before gold coating. Si + ratios with M/∆M ≈ 500 and using an energy filtering of -80 ± 10 V.
The calibration of ion yields and instrumental mass fractionation for the determination of Li concentrations and isotopic compositions respectively, was performed on a set of three natural pyroxene minerals previously developed for this purpose (Decitre et al., 2002 (Hinton, 1990) . Because the uncertainty based on counting statistics on the Li + /Si + ratio is generally at the level of a couple of percent, the Li concentrations given in Table 2 relative to the LSVEC international standard includes (i) the errors due to counting statistics,
(ii) the error on the determination of α inst Li (Fig 1) and (iii) the error on the δ 7 Li of standards used to determine α inst Li . Assuming that these three errors add in a quadratic way, a total uncertainty of ±2.2‰ (1 sigma) relative to LSVEC can be estimated for the present data.
However note again that relative variations of the δ 7 Li values can be detected at better than ±1.5‰ as demonstrated (i) by the duplicates made on a large pyroxene crystal (e.g. δ 7 Li = -15.1‰ for spot 13 in profile A-B and δ 7 Li=-16.5 for spot 28 in profile C-D, see Fig. 2 and Table 2 ) and (ii) by the constancy of the δ 7 Li values measured in the cores of the different pyroxene crystals studied (-17.3‰ for core of pyroxene 1, -17.7‰ for core of pyroxene 2 and -17.4‰ for core of pyroxene 3). Because the limitation on the precision of the Li isotopic measurements is obviously the counting statistics, a significant improvement of this precision seems unlikely in the near future unless multi-collection isotopic measurements are developed on a large radius type IMS 1270 ion microprobe.
Finally, δ 7 Li values are also given in Table 2 for a few maskelynite and phosphate grains. These measurements were made in order to check that at first order no unexpected
Li anomaly was present in these two minerals. These δ 7 Li data must only be considered relative to this objective. In fact, theoretically these δ 7 Li values cannot be assumed as precise as the pyroxene δ 7 Li values, as no plagioclase or phosphate standards was available to check the matrix effect on α inst Li . Thus the value of α inst Li used to correct the Li isotopic ratio on maskelynite and apatite was that determined on pyroxene standards. However the similarity between the δ 7 Li of plagioclase and apatite co-crystallizing with pyroxene (see Fig. 7 ) argues against an important additional matrix effect in these two mineral phases.
RESULTS
NWA 480 is a fresh basaltic shergottite 
Li concentrations
Li abundances were only measured in pyroxenes whose large sizes enabled numerous measurements to be made in the same crystal. The entire range of major element variation displayed by NWA 480 pyroxenes was sampled by ion probe measurements (Fig. 3) . Two profiles were obtained on a large pyroxene crystal (Fig. 2) . The profile A-B followed the long axis of the crystal, but did not cross the whole zoning (Fig. 4) .
Li isotopic compositions
Two profiles were analyzed for Li isotopic compositions ( Fig. 5 and Table 1 ). The
Li values increase progressively from -17.3 ‰ in the core to +9.8 ‰ in the rim of the crystal. Core-rim analyses were also performed on two other pyroxene crystals which both display a similar trend in isotopic composition ( Table 1) . As shown in figures 5 and 6 the Li isotope variations recorded by the pyroxenes are decoupled from the Li concentrations, the fe# (=100 Fe/(Fe+Mg), atomic), or any other major element concentration. The δ 7 Li variations can be divided in two parts ( Fig. 6 ): from fe# = 21 to 30, the δ 7 Li ratios increase regularly from -17 to about +7 ‰; for fe# ratios greater than 30, the δ 7 Li ratios are less variable and range irregularly between +2 and +10 ‰. The limit between these two parts at fe#=30 does not coincide with a major change of the pyroxene composition such as the appearance of augite (fe# about 35) or the beginning of the co-crystallization of Fe-pigeonite and plagioclase at a fe#-value close to 50, as indicated by the behavior of aluminum (Fig. 6 ).
Textural relationships and rare earth element microdistributions indicate that feldspar
and phosphates have co-crystallized with the pyroxene rims Barrat et al., 2002) . Both phases display a range of δ 7 Li values similar to those of the pyroxene rims (Table   2 and Fig. 7 ). 
DISCUSSION

1. Desert weathering of NWA 480
Hot desert weathering can significantly affect the trace element abundances of meteorites (Barrat et al., 1999 (Barrat et al., , 2003 Stelzner et al., 1999; and references therein). NWA 480 is no exception and a slight contamination by terrestrial light rare earth elements was previously detected in a few pyroxenes ).
Such effects should not be overemphasized, and it has been shown previously that NWA 480
is not severely weathered . At the scale of a crystal, hot desert weathering introduces contaminants localized near fractures. The two profiles performed in a large pyroxene crystal, show neither anomalous Li concentration nor abnormal δ 7 Li value near cracks or fractures (Fig. 5 , Table 1 ). Furthermore, weathering processes are not expected to generate a regular δ 7 Li core/rim zoning without disturbing Li abundances in a roughly correlated way. We conclude that the Li abundances and isotopic ratios in NWA 480 mineral phases are pre-terrestrial, and thus reflect magmatic or post-magmatic processes.
2. Li behavior during closed system fractional crystallization
Two lines of argument indicate that the Li systematics observed in NWA 480
pyroxenes cannot be the result of closed system fractional crystallization. First, the near constancy of Li concentrations in pyroxene is contrary to that predicted for an incompatible element. The experimental Li partition coefficients obtained for ferromagnesian silicates and plagioclase indicate that Li is incompatible during the crystallization of dry basaltic systems (Brenan et al., 1998a; Herd et al., 2002) . Assuming crystallization in a closed-system, an increase of concentrations from core to the rim of the pyroxene and a correlation with Fe/(Fe+Mg) are expected for incompatible elements. Such a behavior is observed for example for Ti in NWA 480 pyroxenes but not for Li ( Fig. 5 and 6 
3. Interaction with magma and/or fluids in the Martian crust ?
The large range of δ 
Diffusion-induced kinetic fractionation
Experimental work has shown that lithium is one of the fastest diffusing elements in silicate melt (Mungall, 2000) and the large mass difference between the two isotopes (~17 %) implies a large difference in diffusion speed between 7 Li and 6 Li. Therefore, reequilibration of a Li gradient can produce a strong isotopic fractionation. However, for such a mechanism to be efficient and preserved in a 200 µm wide pyroxene, an incredibly fast cooling rate of the crystal is needed, less than a few minutes (using D Li = 6.10 -6 cm 2 /s, value for a tholeiitic melt; Lundstrom, 2003) . This is obviously not consistent with the 0.5°C/h estimated cooling rate from pyroxene major element zoning . Finally, if a diffusion induced kinetic isotopic fractionation was responsible of the observed δ 7 Li variations in NWA 480 pyroxene it is necessary for a residual Li abundance gradient to be preserved from core to rim. This is not observed in the Li concentration profile (Fig. 5 ) so that diffusion-induced isotopic fractionation seems not responsible for the Li isotopic variability observed in NWA 480 pyroxenes.
5. Degassing of NWA 480 parental melt
When fluid phases exsolve from magma, they react with it, and can mobilize soluble trace element species. Because Li has a strong affinity with aqueous fluids (e.g. Brenan et al., 1998b) , the effects of water degassing have to be considered. For Zagami and Shergotty, Lentz et al. (2001) suggested that Li was mobilized by fluids and lost from the magma during crystallization: this resulted in a decrease of Li contents from core to rim. Such a distribution of Li in pyroxene was proposed as a criterion for water degassing. Because of the large scatter in the Shergotty and Zagami data it is possible to interpret Li variations either as reflecting two distinct stages (high Li /low Li) or a progressive decrease in Li concentrations. Therefore, it is not possible to make a distinction between instantaneous and progressive degassing.
In the case of NWA 480, Li concentrations are constant from pyroxene core to rim. A combination of a progressive degassing and crystal fractionation can result in more or less constant Li concentrations in the melt so that the traces of degassing could be partly obscured.
However, a more robust criterion for degassing might be the Li isotopic composition since a significant isotopic fractionation can be anticipated for Li between the fluid and the melt, with a 7 Li-enrichment in the residual melt during degassing. In this hypothesis the pristine δ 7 Li value of the magma may correspond to that of the pyroxene cores (δ 7 Li = -17 ‰). Note that this value is much lower than for bulk chondrites (McDonough et al., 2003) or the terrestrial mantle (Tomascack et al., 1999) .
In the following, a degassing process is tentatively quantified from two different constraints: (i) from the constancy of Li contents and (ii) from the range of Li isotopic variations.
In order to estimate the behavior of Li in a dry shergottitic melt, it is necessary to find an element having the same incompatibility behavior as Li but which is insoluble in aqueous fluid. Although being an alkali element like Li, Na may be compatible in plagioclase contrary to Li so that its concentration variation in the melt may not mimic that of Li. Titanium seems a better choice since experimental studies have shown that the partition coefficients of Ti and
Li are quite similar for augite and pigeonite (D Li ≈D Ti ≈0.20, Brenan et al., 1998a; McCoy and Lofgren, 1999; Herd et al., 2002) . Assuming that the system is closed, we can infer that the zoning of Li and Ti abundances recorded by the growing pyroxene crystals may be parallel. Assuming that a degassing process is responsible for the Li isotopic variations recorded by the pyroxene cores, a first order estimate of the amount of Li lost by the magma can be made using a simple Rayleigh distillation law:
where (δ 7 Li) magma and (δ 7 Li) 0 are the δ 7 Li-values of the degassed magma and of the initial magma respectively, α the isotopic fractionation factor between vapor and melt, and F the fraction of Li remaining in the magma. Unfortunately, the values of α and the Li speciation in magmas and fluids, have not yet been determined experimentally. Thus, α−values can only be guessed on theoretical grounds. It can be anticipated that they will differ if Li is carried away in the gas from the magma as elemental (Li), oxide (Li 2 O), chloride (LiCl) or sulfide (Li 2 S) gas species. While the equilibrium fractionation factor between vapor and melt is not known but is probably rather low, the kinetic isotopic fractionation can be estimated for different species in the melt as the square root ratio of the masses of fractionating species (Davis et al., 1990) . For the sake of exercise, the values of α can be approximated for Li For fe#>30, the behavior of Li is not clear. Pyroxene rims co-crystallized with plagioclase and phosphates. Li is still incompatible during the crystallization of these phases (Herd et al., 2003) . The few Li abundances that were determined do not indicate a change in the Li behavior but the δ 7 Li values seem to reach a maximum value near +7 ‰, and present a quite large scatter (± 4 ‰). This large scattering is also observed for plagioclase and phosphates (Fig. 7) . The simple degassing model fails to explain these observations and a secondary mechanism has to be considered. Two distinct hypothesis can be proposed (i) periodic additions of fluid with various δ 7 Li (ii) partial resetting of δ 7 Li compositions occurred during shock event inducing partial Li isotopic reequilibration of plagioclase and phosphate with pyroxene rims, erasing the degassing signature. The lack of experimental data prevents any quantitative assessment of such processes.
CONCLUSIONS
The present ion microprobe study revealed the presence of a large Li isotopic zoning (of about 25‰) in pyroxenes from the shergottite NWA 480. Contrary to Shergotty and Zagami, the Li concentrations are rather constant from core to rim in NWA 480 pyroxenes, which indicates that Li was not fractionated in a dry closed system. Neither terrestrial weathering processes, nor fractional crystallization (or assimilation-fractional crystallization)
can account for these observations. On the contrary degassing of the magma can reasonably induce mass-fractionation between the two Li isotopes, leading to an increase of δ 7 Li in the remaining magma and maintaining its Li content rather constant during fractionation. A simple first order modeling of these processes show that the constancy of Li contents and the range of Li isotopic compositions can be obtained for a Li loss from the magma of approximately 50-70 %.
Evidence for degassing was previously discussed using B and Li abundances in pyroxenes in Shergotty and Zagami ). The present work shows that degassing may also have acted in a shergottite petrologically distinct from them. Further work must be performed on well-constrained terrestrial systems, in order to fulfill the lack of data on Li isotopic fractionation during degassing. Li isotopes seem to be a powerful recorder of the degassing of magmas. 
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